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A non-destructive method for measuring the mechanical properties
of ultrathin films prepared by atomic layer deposition
Qinglin Zhang,1,2 Xingcheng Xiao,1,a) Yang-Tse Cheng,2 and Mark W. Verbrugge1
1

General Motors Global Research and Development Center, Warren, Michigan 48090, USA
Department of Chemical and Materials Engineering, University of Kentucky, Lexington,
Kentucky 40506-0046, USA
2

(Received 29 May 2014; accepted 26 July 2014; published online 11 August 2014)
The mechanical properties of ultrathin ﬁlms synthesized by atomic layer deposition (ALD) are
critical for the liability of their coated devices. However, it has been a challenge to reliably
measure critical properties of ALD ﬁlms due to the inﬂuence from the substrate. In this work, we
use the laser acoustic wave (LAW) technique, a non-destructive method, to measure the elastic
properties of ultrathin Al2O3 ﬁlms by ALD. The measured properties are consistent with previous
work using other approaches. The LAW method can be easily applied to measure the mechanical
C 2014 AIP Publishing LLC.
properties of various ALD thin ﬁlms for multiple applications. V
[http://dx.doi.org/10.1063/1.4892539]
Atomic layer deposition (ALD) is a thin ﬁlm preparation
technique, where the ﬁlm is grown layer-by-layer. Since it is
a self-limiting surface reaction process which involves alternatively inputting different precursors each cycle, the thickness of ALD coating can be precisely controlled by the cycle
number.1,2 Since the gaseous precursors can reach any
exposed surface, thin ﬁlms can be deposited on nearly any
shape and geometry.1,3 ALD has been used to deposit oxides
(e.g., Al2O3, HfO2, TiO2, ZnO),4 sulﬁdes (e.g., ZnS, SrS),5,6
ﬂuorides (e.g., CaF2, LaF3),7 metals (e.g., Ir, Pt)8 and polymers (e.g., pyromellitic dianhydride (PMDA));9 the nature of
ALD coatings strongly depends on the precursors selected.
ALD has been widely used in various applications, for
instance, high-k gate oxides,10 passivation of crystal silicon
solar cell,11 coating of nanoporous structures,6,12 metal coating for fuel cell catalyst layers,13 and adhesion layers.14 In
the microelectronics industry, ALD has enabled the rapid development towards scaling down device size, improving performance, functionality, and reliability. For example, the
mechanical properties are critical for high-k dielectrics. The
elastomechanical response to thermal cycling can signiﬁcantly inﬂuence the compatibility and long term reliability.15
In the past 5 years, ALD has been employed for surface
modiﬁcation of components in lithium ion batteries (LIBs),
including negative and positive electrodes, and separators, to
mitigate the undesirable side reactions and increase battery
life.16
In addition to electrical and ionic conductivities, the mechanical properties of the ultrathin thin ﬁlms are believed
important for LIB applications. However, the mechanical
properties of ALD ﬁlms may be different from their bulk
counterparts because the differences in synthesis methods,
material structures, and the surface area to volume ratio. An
objective for the use ALD coatings on lithium ion battery
electrodes is to suppress electrolyte reduction as well as to
stabilize the inherent solid electrolyte interphase (SEI) layer
that form during cell operation, thereby suppressing
a)
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mechanical fracture in the electrode, which can be problematic for high lithium-capacity materials, such as Si and Sn.
Speciﬁcally, ALD Al2O3 was found to increase the performance and durability of silicon electrodes, though Al2O3 is a
known electrical insulator.17 Understanding the elastic properties of thin ﬁlms is, therefore, indispensable for designing
the electrode coatings for high energy electrode materials
with large volume change (over 300%) and internal stress
during lithiation and delithiation.17
Nanoindentation (NI) has been applied to obtain the
elastic modulus of ALD thin ﬁlms.18 NI tests require the
depth of indents to be less than 1/10 of the ﬁlm thickness to
neglect the inﬂuence of the substrate. For such studies, the
ALD ﬁlms need to be thick, such as 300 nm. The effective
deposition rate (thickness increment per time unit) of ALD is
low. Films of 300 nm require approximately 2000 reaction
cycles which can lead to a time consuming (over 5 h) and
precursor wasting process. Other testing methods, such as
bulge testing and pointers,19 require either thick ﬁlms or
complicated substrates.
In this work, elastic properties of ALD alumina thin
coatings were characterized by laser acoustic wave (LAW)
method. LAW is a non-destructive sonic technique to obtain
the mechanical properties of thin ﬁlms. Surface acoustic
waves (SAWs) propagate parallel to the surface measured
with penetration depths as thin as 1/100 of the wavelength.20
Hence, SAWs are suitable for determining the elastic properties of very thin ﬁlms. It has been applied to coatings such as
diamond like carbon (DLC) and silicon nitride.21,22 We
show that the LAW technique, along with other characterization methods, is capable of measuring the elastic properties
of thin ALD ﬁlms as thin as a few nanometers in a straightforward manner.
Al2O3 thin coatings were grown on (100) Si wafer
(etched with 10% HF water solution to reduce the inﬂuence
of native SiOx surface species). Trimethylaluminium (TMA)
and high performance liquid chromatography (HPLC) waters
were used as precursors in the ALD system. The pulse time
is 0.015 s, exposure time is 2 s, and purging time is 8 s for
both precursors. The growth temperature is chosen as 120  C
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for LIB applications because higher temperatures lead to the
damage of polymer binders in the electrode and lower temperatures lead to poor ﬁlm quality. The thickness of Al2O3
ﬁlms were controlled by cycle numbers, ranging from 50 to
250 cycles.
Elastic modulus is very sensitive to the structure of material. The velocity (c) of SAW is related to elastic modulus
E, Poisson’s ratio v, and density q:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:87 þ 1:12v
E
c¼
:
1þv
2qð1 þ vÞ
By generating different frequencies of sound waves, the
modulus can be ﬁtted with the predetermined density, thickness, and Poisson’s ratio. The depth of the SAW is proportional to the wave length: for example, higher frequencies
lead to smaller penetration depths by the acoustic waves.
The phase velocity is frequency dependent and is inﬂuenced
by the substrate and the ﬁlm; however, the ﬁlm contribution
dominates at high frequencies. The relation between frequency and phase velocity (called dispersion relation) was
measured using a commercial LAW instrument (Fraunhofer
Nanotech). Elastic properties of the ﬁlms can then be
obtained from the dispersion relation using the aforementioned model by the least square method. Details can be
found in Refs. 20, 21, and 23 (Illustrated by Figure 2 in Ref.
20). In order to obtain the right elastic properties of thin ﬁlms
using LAW, thickness and density need to be measured with
other techniques independently as the inputs for LAW
Analyzer.
In this work, the thickness and density of thin ﬁlms were
obtained using the x-ray reﬂectivity (XRR) technique.24
XRR was performed with a Bruker D8 ADVANCE system
with two theta varying from 0 to 8 . The X-ray wavelength
from Cu Ka was 0.154 nm. The voltage and electron beam
current were controlled at 40 kV and 20 mA, respectively.
Thickness and density were then obtained by ﬁtting the XRR
data using Bruker Leptos software. Electron probe microanalysis (EPMA model SX 100 by CAMECA Instruments
Inc.) was used to verify the density of ALD ﬁlms. Data were
collected in static and in scanning mode over a 30 lm area at
10 different positions in the sample. The electron beam conditions were 20 kV and 20 nA. The Si, Al, and O x-ray intensities from the samples and standards (pure Al, pure Si, and
SrTiO3) were used to estimate the area density of the Al2O3
coating on the Si substrate using thin ﬁlm modeling program
GMRFILM.25
Figure 1 shows the thickness and density of all ﬁlms
with 50 to 250 ALD cycles. The blue dots show the thicknesses of ALD alumina ﬁlms ranging from 7.6 nm to
37.9 nm by XRR, corresponding to 50 to 250 reaction cycles.
The average growth rate is 1.5 Å/cycle. The linear relation is
shown as the dashed line. By ﬁtting the XRR data, the thickness and density are estimated simultaneously. The density
ranges from 3.1 to 3.4 g/cm3 with an average density of
3.26 g/cm3 (triangles in Figure 1). EPMA is also used to estimate the density for sample with 250 reaction cycles. The
area density obtained is 11.8 6 0.2 lg/cm2.26 By inputting
the thickness information obtained from XRR (37.9 nm), we
are able to estimate the density of the ﬁlm. The density

FIG. 1. Thickness of ALD Al2O3 ﬁlms. The thicknesses correspond to
50–250 reaction cycles and vary from 7.6 nm–37.9 nm as determined by
XRR (ﬁlled circles). The growth rate is 1.51 Å/cycle (constant growth rate).
Dashed line corresponds to the ﬁt results to the XRR thickness data; triangles are measured density by XRR for all ﬁlms, with an average density of
3.26 g/cm3; the density does not change much with the thickness/cycle
number.

extracted by EPMA is 3.11 g/cm3, which matches well with
the XRR results (Table I). Both thickness (growth rate) and
density match well with previous ALD work.24 EPMA also
provides the composition information about the sample. The
sample contains 44.8% of Al and 55.2% of O in terms of
atomic percent. The low concentration of O is consistent
with oxygen deﬁciency. Previous studies show that the O
vacancies in ALD amorphous ﬁlms have similar parameters
in crystalline a-Al2O3 and c-Al2O3.27
In our experiments, the use of single crystal silicon substrate enables us to obtain the phase velocity accurately for
ultra-thin ﬁlms (t < 20 nm). Other polycrystalline substrates,
such as steel, can cause ultrasonic scattering and reduce the
sensitivity of the measurements.28
Figure 2 shows the dispersion relation (phase velocity
versus frequency) for all ﬁlms. The number on up-right corner of each ﬁgure is the reaction cycle number. As would be
expected, for the pure silicon substrate, the phase velocity of
SAW does not change signiﬁcantly with frequency range of
50 to 230 MHz. All the diagrams in Figure 2 show that the
alumina ﬁlms decrease the phase velocity with increasing
frequency. The phase velocity decreases faster with increasing alumina thickness. As described previously, the phase
velocity is dependent on elastic properties, density of both
substrate and ﬁlm, and the thickness of the ﬁlm; and ﬁlm
thickness and density can be determined by XRR and
TABLE I. Summary of the properties of different alumina ALD ﬁlms.
Cycle
number
250
225
200
175
150
125
100
75
50

Thickness
(nm)

Growth
rate (Å/s)

Density
(g/cm3)

E
(GPa)

37.91
34.29
29.84
26.53
23.37
19.45
15.09
11.49
7.62

1.52
1.52
1.49
1.52
1.56
1.56
1.51
1.53
1.52

3.10
3.24
3.28
3.19
3.29
3.30
3.37
3.33
3.27

171.22 6 1.04
172.86 6 0.72
177.96 6 0.88
171.34 6 0.68
175.63 6 0.88
170.42 6 1.67
175.76 6 1.05
175.21 6 2.15
160.56 6 2.96
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FIG. 2. Dispersion curves (phase velocity versus frequency) for aluminaALD samples: Solid-lines are LAW
data; dashed lines are model ﬁts; and
the reaction cycles are shown in upperright corner of each ﬁgure.

FIG. 3. Elastic modulus obtained from LAW. Except the thinnest ﬁlm, 50
cycles (7.6 nm), the modulus is similar for all ﬁlms and varies from 170 to
180 GPa.

EPMA. The elastic properties of substrate are provided in
Table S1.26 The values agree well with published values.
The density of Si substrate is 2.33 g/cm3. Poisson’s ratio of
Si is 0.22, and that of alumina is 0.21. With these parameters,
we are able to obtain the elastic modulus of the ﬁlms by ﬁtting the model (dashed line) to the experiment data (solid
line). The elastic modulus is shown in Figure 3 and Table I.
The thinnest ﬁlm, with 50 reaction cycles (7.6 nm thick),
shows slightly lower elastic modulus. The other modulus
values range between 170 and 180 GPa, there is no signiﬁcant change of elastic modulus with increasing the thickness
of ﬁlm. The last row of Table I shows the extracted modulus
for the substrate. The values are close to measured and theoretical values for single-crystal Si.
According to our measurement of alumina ALD ﬁlms
ranging from 7.6 to 37.9 nm, there are no obvious trends of

elastic properties, density, or growth rate varying with thickness, which indicates that the structure of the ALD ﬁlms is
substantially invariant. The thickness range we measured
cannot be used to revel the material properties at the Sialumina interface, as the interfacial transition layer is only a
few atomic layers (usually less than 5 Å), and the thinnest
ALD ﬁlm we can measure is about 80 Å. We expect that the
interfacial zone is less than 10% of the total measured ﬁlm
thickness. We are unaware of an experimental technique that
enables one to extract elastic properties of ﬁlms less than
1 nm in thickness.
The elastic modulus values obtained in this work are
comparable with literature values. Higher ALD deposition
temperatures will produce stiffer ﬁlms (cf. Table II). As
mentioned, nanoindentation usually requires ﬁlms thicker
than 100 nm as the indent depth should within 1/10 of the
ﬁlm thickness to neglect the inﬂuence of the substrate. If
nanoindentation is used to obtain elastic modulus for ﬁlms
thinner than 100 nanometers, both continuous stiffness measurement and modeling are necessary. The nanobeam deﬂection method requires a complicated sample fabrication. The
ﬁlms we measured using the LAW method, thickness ranging from 7.8 nm (50 reaction cycles) to 38 nm (250 reaction
cycles), are much thinner than prior work. The measurement
is simple and fast, as well as non-destructive. This method
can be applied to most ALD ﬁlms to obtain the elastic
properties.
The density of ALD alumina ﬁlms (3.2 g/cm3) is lower
than reported crystal density (3.9–4.1 g/cm3) and amorphous
density (3.5–3.7 g/cm3) for Al2O3,29 due to the low deposition temperature. This agrees with the previous study of
ALD.24 The EPMA results show a relative low concentration

TABLE II. Summary of elastic modulus of different alumina ALD ﬁlm in literature and this work.
Deposition temperature ( C)
300
177
177
177
120
120
100

Thickness (nm)

Testing method

Elastic modulus (GPa)

Reference

60
300
100
50
7.62
11.5–38
300

Nanoindentationa
Nanoindentation
Nanobeam deﬂection
Nanobeam deﬂection
LAW
LAW
Nanoindentation

220 6 40
180 6 8.2
168 6 8
182 6 32
160.56 6 2.96
170–180
150–155

18
19
19
19
This work
This work
31

a

Continuous stiffness method combined with simulation results.
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of oxygen, indicating the oxygen deﬁciency. That leads to
the lower modulus values, 170 to 180 GPa, as compared to
single crystal Al2O3 (530 GPa)30 and the ceramics (344.83 to
408.99 GPa).29 However, a lower modulus is favorable in
many cases. For example, low modulus coatings can usually
better accommodate the volume change of the substrate material, particularly for Si based high capacity electrode materials in lithium ion batteries.
In this work, we develop and implement a non-distractive
method to obtain the mechanical properties of ultra-thin ALD
ﬁlms. The mechanical properties are critical for multiple
applications. We used ALD alumina coatings to demonstrate
the approach. With the LAW technique, along with XRR and
EPMA, we are able to extract the mechanical properties of
ALD ﬁlms as thin as a few nanometers. The elastic modulus
was found to be relatively constant for thicknesses ranging
from 7.6 to 37.9 nm, corresponding to 50 to 250 ALD reaction
cycles. The methods described in this work can be widely
used in determining the elastic properties of thin ﬁlms.
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support by the Assistant Secretary for Energy Efﬁciency and
Renewable Energy, Vehicle Technologies Ofﬁce of the U.S.
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for Advanced Transportation Technologies (BATT)
Program. This project is also partial supported by National
Science Foundation CMMI 1000726. We appreciate the help
from Lars Haubold (Fraunhofer USA, Lansing, MI) for
helping with the LAW system and Dr. Daad B Haddad
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